Manning's roughness coefficient Total discharge Discharge through the i th opening in a muitiopening crossing Channel resistance ratio for opening i Mean velocity at cross section i during constricted flow conditions, Q/AĤ orizontal distance from the intersection of abutment and embankment slopes to the location on upstream embankment having the same elevation as the water surface at section 1 Energy coefficient at cross section i, under constricted and natural flow conditions, respectively Momentum coefficient at cross-section i Angle of skew; acute angle between the plane of the constriction and a line normal to the thread of the stream Acute angle between a wing wall and the plane of constriction Schneider and others (1976) . At the conclusion of that study it was apparent that additional field data were needed to extend the results to the multiple-bridge system (more than one bridge in a highway embankment crossing a stream). In 1977, the Surve|y in cooperation With the Mississippi State Highway Department bejgan a study to coilect the necessary fieid data to test the method at muitipie-opening bridges.
Knowledge of the backwater caused by the constriction formed by multiple bridges of highway stream-drossings is essential in the design of bridge openings. Peak discharge of floods is computed from elevation change across the embankment and the geometry of the channels and bridges.
PURPOSE AND SCOPE
The principle objective of this project was to measure the backwater and discharge distribution for multiple bridges. These data have been used to determine if the methods developed by Schneider and others (1976) for singles-opening highway crossings could be applied to multiple bridges. In addition, the method developed by Tracy and Carter (1955) ajnd Cragwall (1958) was modified to use the procedure proposed by Schneiider and others (1976) to calculate friction losses in the approach reach. This modified procedure was then also tested.
METHODS FOR COMPUTI^ DISCHARGE Kindsvater and Carter (1955) conducted the analytical and experimental work leading to the development of the Survey method of computing discharge through width donstnctions. The discharge relationship is derived from the energfy and continuity baiance between an approach section and the moist contracted section designated sections 1 and 3, respectively, in figure where Q is the total discharge in cubic feet per second. A is the flow area at section 3 below the measured watersurface elevation in square feet 4 Ah is the difference in water-surface elevation between sections 1 and 3 in feet. ot is the energy coefficient at cro^s section 1. hf is the head loss due to friction in feet. C is the discharge coefficient. V is the mean velocity at cross section 1 in feet per second.
Laboratory investigations were conducted to define the discharge coefficients for four typical abutment geometries. The coefficient C represents a combination of (1) a coefficient of contraction, (2) a coefficient which takes into account the eddy losses/ and (3) the velocity head coefficient/ 013 / for the contracted section (Kindsvater and others/ 1953) . The procedures for selecting the discharge coefficients are discussed by Matthai (1967) .
The energy loss (Matthai/ 1967) due to fraction is the product of the geometric mean of the energy slopes at the end cross sections of the reach times the distance between the sections. The energy loss due to friction is obtained from the equation
where 1^ is the length of the approach reach. L is the length of the bridge opening. K-j is the total conveyances of section 1. K>j is the total conveyances of section 3.
When the approach reach has dense brush and the reach under the bridge is relatively clear, the weighteld conveyance computed from the conveyances of sections 1 and 3 will be too high. A more accurate approximation of the friction loss may be obtained if L (Q2 /K.K ) is substituted for the firat term m equation 2.
Kq is that part of the approach section conveyance corresponding to the projected bridge opening b. embankments) are located in direct proportion to the gross fiow area of the opening on either side/ the larger length of embankment being assigned to the larger opening. From the fiow division points, lines are projected paraiiei to the fiow from the embankment upstream to the approach section to form flow boundaries for each opening. This procedure defines a separate approach for each mdividuai bridge. A channei resistance ratio (q*^ based on the approach geometry is computed by iterative proce4ures from the equation:
The discharge q through each bridge is computed by the formula:
Ci A3i * qi = qi where i = i. . .n. where q-j^ is the discharge for the individual bridge. q.* is the channel resistance tatio for the individual bridge opening. k^ is the approach channel conveyance for the individual bridge opening. A^^ is the area for the individual bridge opening. a^ is the approach area for the individual bridge opening. K-| is the total approach conveyance. A-| is the total approach area. C^ is the coefficient of discharge for the individual bridge opening. £(CA3) 1 is the sum of the live flow areas for a particular site.
Each bridge opening with the associated fiow boundaries can be treated as an equivalent single-opening crossing for computation of backwater.
Laboratory investigations by David^ian and others (1962) have shown that discharge coefficients developed for bridges at smgieopening constrictions are valid for multiple-bridge constrictions. These coefficients have been well defined for the four most common types of bridge openings. Lee (1976) tested the method of Davidian and others (1962) with data from three sites in Louisiana. Two of the sites had two bridges and one site had three bridges. Peak discharge was measured at all bridges so that the actual flow distribution was known. At the three-bridge site and at one two-bridge site, the discharge distributed using equations 8 and 9 agreed within 6 percent of the measured discharge. The main channel bridge at one two-bridge site was in error by 20 percent which induced an error of 100 percent at the small relief bridge.
The most recent method developed by the Survey for computing backwater at single-opening constriction is described by Schneider and When spur dikes are included on the bridge, the energy ioss due to friction is
where I^j is the length of the spur dike in the direction of fiow in feet. K^ is the conveyance of the cross section at the toe of the spur dikes.
Schneider and others ( 1976) modified the friction loss term for L Q * (equation 2) to more accurately estimate the friction losses in the approach reach. In the modified term , Lav is the average flow length in the approach reach and Kc , the controlling conveyance at the downstream end of the approach reach, is the smaller of the conveyances K3 and K^,. Matthai (1967) recommends that the conveyance that best represents the conditions at the end of the reach be used to compute friction losses. An examination of the data reported by Schneider and others (1976) indicates that Kc was the representative conveyance. Studies indicate that care in selecting the representative conveyance is important because it significantly affects the magnitude of the friction loss and therefore the computation of discharge and backwater.
METHODS FOR COMPUTING BACKWATER Tracy and Carter (1955) defined backwater, h 1 , as one component of the fail, Ah, between sections 1 and 3 as illustrated in figure 1. The fall was resolved into three components. Ah = h/ -h3 * +h f( _ (4) where h< is the increase in the water-surface at section 1 in feet. 1* his the backwater at section 3 in feet. hf is the head loss due to friction in feet. n is a subscript denoting flow under natural conditions. * Tracy and Carter (1955) defined h^ as positive when the contricted water-surface elevation at section 3 was below the natural watersurface elevation. After finding that the constricted water-surface elevation at section 3 could be above the natural elevation, Schneider and others (1976) adopted the convention of positive (hi* = h3 -h_ ) when the constricted water-surface elevation is above natural. This convention is followed in this report.
Equation 4 is divided by Ah
The ratio, , is defined as the backwater ratio, C^. Equation 1 Ah is solved for Ah and V3 = Q/A3 is substituted from the continuity equation,
The backwater ratio is a function of the channel-constriction ratio, Manning's n value, and the constriction geometry. Equation 6 is substituted into equation 4 and is solved fbr h-.
The procedures for computing backwater by this method are reported by Cragwali (1958) .
A laboratory study on backwater at |multipie bridge systems was made by Davidian and others (1962) . The( objective was to develop methods for the computation of discharge through multiple-opening constrictions, prediction of maximum bacikwater, and prediction of division of flow through the several openings.
Current one-dimensional methods of computing backwater at multiple-opening highway crossings ail rely on reducing the bridge openings to equivalent single openings. This is accomplished by establishing pseudo-fixed boundaries between separate openings.
The method of apportioning flow through multiple bridges, as given by Davidian and others (1962) , requires three items of data:
(1) stage-discharge relation at the site, (2) a valley cross-section, and, (3) locations and geometry of all bridges. A definition sketch for flow through a typical multiple-opening constriction is shown in figure 2 . The flow division points (along the interior others ( 1976) . The naturai profiie is computed using a standard stepbackwater procedure (Chow, 1959) , where frxctxon losses are
The constricted profile is also computed using a standard step-backwater procedure. The approach section is located one bridgeopening length upstream ( fig. 2 ). The friction losses are computed using the average flow length in the approach. Section 4 is located one bridge-opening length downstream from the highway crossing. The water-surface elevation at section 4 is assumed to be at the natural elevation. ftn expansion loss term is applied between sections 3 and 4. The constricted water-surface profile is computed by iteration, until successive estimates agree within a preselected tolerance. An example of this method is given by Schneider and others (1976) .
For computation of friction losses, Schneider and others(1976) divided the approach reach into as many as three separate subreaches. The constriction subreach is considered to be the length, L/2-3) of the abutment in the direction of flow. The friction loss is computed as:
In this case (no spur dikes)
When spur dikes are present, the approach reach is further divided into two subreaches.
So that , when spur dikes are present
In the flow expansion reach, the flow is assumed to be at naturax elevation one-bridge-width downstream from section 3. Therefore, the area and conveyance of section 4 are computed at the naturae exevation o^ JLS the energy coefficient tf^ is the momentum coefficient It can be shown that alpha and beta at section 3 are related to the bridge geometry and can be estimated from the bridge coefficient 1 013=
Bi- (20) Alpha and beta at section 4 can be computed from the cross section properties as a4 = AS the subsection conveyance. AS the subsection area. AS the cross section conveyance. AS the cross sectAon area of Section 4. Schneider and others ( 1976) teste<^ the method developed by Bradley (1970) . They found that for the wide flood plains backwater was undercomputed significantly. The friction losses appear to be underestimated by the method. Hence this procedure was not tested in this report.
Several other research attempts have been made to develop flow models. The latter efforts have been primarily in the application of two-dimensional finite-element flow models. Lee (1980) Lee and Bennett, (1981) , and Lee and others (1982) . These are promising in that they allow much more flexible application of hydraulic theory. Present two-dimensional models require relatively large amounts of manpower and computer time. Rbwever, the probable successful efforts to automate the data handling process, will make the 2D model more accessible.
DATA COLLECTION
Field data were collected usxng the procedures outixned by Benson and Dairympxe (1967) and Matthao. (1967) . In generax, the data were collected and reported u.n the same way as outlined by Schneider and others (1976) . Data include peak discharge, valley cross sections, water-surface elevations, bridge geometry, and Manning's roughness coefficient, n. ttlgh-water-mark elevations, valley cross-section ground elevations, highway profile, and bridge geometry were surveyed using standard leveling techniques. Highwatermark elevations were measured with a resolution of 0.01 ft and ground-surface elevations and highway profile to 0.1 ft. The site location and flood date are contained in Peak Discharge Measurement Peak discharge was measured by current meter at the flood peak or was obtained from stage-discharge relations. The stage-discharge relations were extrapolated several feet at some Sites. Avaxj.ab.Le data on the volume of runoff and the duration of the peak indicated that steady flow existed throughout the r|each during the peak at most sites. When necessary, flow over the highway embankment was computed using the procedure described by Huismg (1967) . At these sites the amount of fiow over the highway embankmertt was small compared to the total discharge.
Valley Cross Sections
At least four valley cross sections were selected. Each cross section was approximately one valley width apart. At each site at least two valley cross sections were located upstream and two valley cross sections down-stream of the highway embankment. In addition, an approach cross section was surveyed approximately one-bridgeopening width upstream from the constriction. Additional cross sections were surveyed as required to define road fills, pipeline crossings, and other features affecting the flood profile.
Locations for the valley cross sections were selected using a plot of the flood profiles obtained along each edge of the flood plain and by inspection of topographic maps. The cross sections were drawn on the map at approximately valley-width intervals and were alined perpendicular to the assumed direction of flow. Identifiable landmarks were used to locate the cross sections in the field, where they were oriented to the correct azimuth by compass. The survey datum was established at the bridge. A base line was surveyed from the highway to esitablish horizontal and vertical control for the cross section.
Water-Surface Elevation
Water-surface elevations were determined by high-water marks recovered along the cross sections and base lines. Water surfaces also were marked along the upstream and downstream sides of the embankment during the peak discharge measurement. Additional highwater marks were selected at random locations upstream and downstream of the bridge to describe the lines of constant watersurface elevation in the approach and fiow-expartsion reaches.
Bridge Geometij-y Bridge geometry data, collected according to the procedures discussed by Matthai (1967) , included abutment slope, bridge cross section, and pier and spur dike geometry and location.
Manning's Roughness Coefficient
An attempt was made to field-select Manning's roughness coefficient, n. Selection is usually based on experience obtained by computing water-surface profiles in channels where peak discharge and water-surface elevations are known (n-verification studies) and by studying stereoscopic slides that document features affecting the magnitude of n. Although n was selected by experienced personnel and, at most sites, by the same individual for consistency, neither published n-verification studies nor stereoscopic slides were available for comparative purposes. Therefore, the field-selected n's were adjusted using the measured discharge and the measured water-surface profile downstream of the bridge. The n-values were adjusted so that the water-surface profile computed using a stepbackwater procedure (Shearman, 1976) agreed with the measured profile downstream of the bridge. Gross sections were subdivided for major changes in geometry and roughness which persisted throughout the reach and n selected for each subdivision. When the reach included an open field which extended approximately one-half the distance upstream and downstream to the next cross sections, the reach was subdivided and n selected for the open-field condition. Composite n-values were used where frequent roughness changes occurred that did not affect the entire reach.
ANALYSIS OF DATA
Backwater is defined as the difference between the natural and the constricted water-surface elevation. The natural (unconstricted) profile prior to construction of the highway was not available for any of the sites, and was therefore, computed using standard stepbackwater techniques (Chow, 1959) .
The constricted water-surface elevations were obtained at the approach for each bridge opening by interpolation of the profiles defined by high water marks surveyed aj.ong each edge of the vaney. These elevations were compared with the stagnation elevations observed at each edge of the valley and on the interior embankments.
Backwater was computed by two methods named method I and method II. Method I was the technique developed by Tracy and Carter (1955) and reported by Cragwall (1958) . The method was modified in this study so that the average flow distance; Lav , is used in equation 2 and 3 in place of 1^. Because method I, as developed, applies only to sites without spur dikes, it was not applied to sites 4, 5, and 6.
Method II is the procedure developed by Schneider and others (1976) . In both methods, the approach is divided into equivalent single openings using the methods developed by Davidian and others (1962) . Data for computing backwater and discharge are summarized in table 3. The results for discharge and backwater computation are summarized in table 4.
Computation of Natural Profile
In the step-backwater procedure, peak discharge, cross-section geometry, and n-vaiues were used to compute the natural profile. The water surface profile was defined by highwater marks surveyed along each edge of the valley sufficiently far in each direction to extend beyond the effects of the highway construction. The water surface at the fartherest downstream section (section 5) was used as the starting eievation. Gross sections usuaiiy were divided into three subsections with the main channei separating the f lood piain. Cross sections were divided into oniy two subsections in those sections where the main channei was at the edge of the vaiiey, The fieid-seiected n-vaiues were adjusted where necessary untii the computed water-surface eievation matched the observed watersurface elevation at the most upstream section. The computed profile was examined to ensure that it reflected the known physical features of the flood plain. * Measurement of h 1 * Backwater h^ at the approach section was measured one bridge-opening width upstream ( fig. 1 ) . The observed water surface at the approach section (section 1) was determined from the watersurface elevations surveyed along each edge of the valley. Where a sloping water surface extended across the approach section, the water-surface elevation was determined by interpolation at the boundary between the equivalent single channels as described by Davidian and others (1962) for each bridge-opening. The average of the elevations of the boundaries appropriate for each opening was used for the observed elevation at section 1. The computed natural water-surface eievation was subtracted from the observed watersurface elevation at the approach and is shown at "h.. measured" in table 4.
* Measurement of h
The difference between the contracted water-surface eievation and the natural profile at the downstream side of the contraction is defined as h.. . The contracted water surface was measured as the average of the level determined at the downstream end of the abutments of each opening. The natural profile was determined from the profile computed through step-backwater procedures. Negative values of h_ represent contracted water-f surface elevations that are below the natural profile and positive values of h-j represent those that are above the natural profile (table 4).
Stagnation Poinjs
On the upstream side of the constriction embankments, flow stagnation occurs in the corners formed by the embankment and each edge of the valley. Flow stagnation occurs also at each of the interior embankments between bridge-openings. The location of the point of stagnation is a function of the location and geometry of the constriction and of the hydraulic characteristics of the approach channel. The flow divides at the stagnation point and passes through the openings on each side* This point was readily observable in the field and its elevation is reported as hg in table 3.
An attempt was made to find the analogous stagnation point on the downstream side of the embankment. This point may be visualized as the point where the flow from adjacent bridges converges and turns downstream.
When the stage was just above the low-water channel, very little if any flow appeared to be parallel to the downstream embankment. Parallel flow was observable along the downstream embankment as the stage rose with increasing discharge. However, the point downstream analogous to the upstream stagnation point could not be located.
Computation of Discharge
For computation of discharge and backwater, lines are projected parallel to the flow from the fiow do.vo.sion points to the approach and exit sections (sections 1 and 4). These iines are treated as fixed boundaries of an equivalent single opening construction.
Discharge for each bridge was computed using the recovered highwater marks. The cross section properties were calculated. Total fall, Ah was calculated as the difference between the measured values of h-j and 113. Discharge was then calculated from equation 1 with the energy losses computed from equation 13 for sites without spur dikes and from equation 16 for sites with spur dikes. Since water-surface elevation cannot usually be directly measured at the upstream end of the spur dikes, this elevation was estimated to be 1/2 (h-j + 113) . The dike area, A^ and conveyance K^, in table 3 were calculated for this elevation. The contracted water-surface elevation at section 3 is obtained by extrapolating the measured water-surface profile along the downstream side of the embankment to the intersection of the abutment and embankment for each side and averaging the values obtained. The computed and measured discharges are compared in table 4.
Computation of Backwater
Backwater is the difference between the water-surface profiles for the natural and constructed conditions. The natural, profile is computed using a standard step-backwater procedure (Chow, 1959) , where the fraction losses are computed from equation 10. The constricted profile is aj.so computed using a standard step-backwater procedure where the friction o.osses are computed from equation 13 and 16. Both profiles use section 4 as a common starting point. The average flow path needed in equation 13 and 16 is obtained from Schneider and others (1976) .
The constricted water-surface profile is computed by iteration because the controlling conveyances are not known. The controlling conveyance, KC, is computed at the natural water-surface elevation and used as the first estimate. Revised estimates of the controlling conveyances are determined at the computed constricted elevations and compared to the previous estimates. Successive estimates of the constricted profile are continued until the controlling conveyances agree within a preselected tolerance. With a tolerance criterion of
convergance can be achieved in two or three iterations. The superscript is the iteration number.
Errors in Computed Backwater and Discharge
Error is calculated as the differenc^ between the computed and measured quantity. Two measures of error are used to evaluate each computation method (table 5) . The bias, defined as the algebraic mean error, indicates whether or not the brror magnitudes tend to be evenly distributed above and below zero. The foot fltean square (rais) error is defined as the square root of the mean of the sum of the squares of the errors. The rms error expresses the magnitude of error likely to occur in any computation using the method in question.
DISCUSSION OF RESULTS
Computations of backwater or discharge at multiple bridge sites depend on the distribution of flow through the several openings and the division of flow boundaries in the vicinity of the constriction. The distribution of flow in direct proportion to the gross area (Davidian and others, 1962) of the bridge opening gave consistent results. The ratio of the interior embankment length of the stagnation point to the total interior embankment length between each pair of openings was computed and these ratios are compared with the observed results in figure 3 . There is considerable scatter about the line of equal value but on the average the answer may be a reasonable estimate of the stagnation points.
The description of flow through multiple openings in a highway is complex. Plow through each opening i^ affected by the hydraulic characteristics of the approach channels as weli as the configuration and geometry of adjacent bridges. The methods described in this report to calculate discharge (figure 4) give resuits that are within +15 percent of the measured discharge in 17 of 28 cases, and are relatively simple to apply. Overall the bias was +2 percent with a rms error 4-18 percent. Schneiderjand others (1976) obtained about the same results for the bias (3 percent) but less scatter in the error (rms error about 9 percent). The need to divide the flood plain into a single equivalent channel for each bridge introduces additional error and also affects the backwater results.
The bias and rms error for the total fall. Ah, the backwater (h^) at section 1 and the backwater (h-) at section 3, computed by method I and method II are summarized in table 5. The errors are expressed as the difference in feet between the computed and measured value.
Comparison of the computed total fall with the measured total fall are shown in figures 5 and 6. Figure 5 shows that method I underestimates the total fall for 13 of the 17 bridges to which it 
50,000
Measured discharge, in cubic feet per second applies. Figure 6 shows that for method II the results for 28 bridges are equally distributed about the .Line of equa... va^ue.
Comparison of the computed backwater with the measured backwater at section 1 are shown in figures 7 and 8. Figure 7 shows that method I underestimates the backwater, h^i for 13 of the 17 bridges. Figure 8 shows that for method II the resuits are equaiiy divided about the line of equal value. Schneider and others (1976) calculated backwater by the method developed by Tracy and Carter (1955) and found it underestimated backwater. Method I is an improvement of the method to the extent that 1^ was replaced by Lav for computing friction loss. Hence, backwater calculated by method I is more accurate than the method developed by Tracy and Carter (1955) but 1£he bias of -0.25 ft for h-indicates it still underestimates backwater. The bias of -0.03 ft for the backwater, h^, calculated by method II is considered negligible. The slight increase in rms error from 0.34 ft for method I to 0.39 ft for method II probably is not significant. Schneider and others (1976) reported for method II bias of -0.04 ft with a rms error of 0.24 ft for single opening systems. The results from computation of discharge (table 4) indicate similar error in evaluating losses between section 1 and 3 for these sites. Therefore, these resuits indicate that the method developed for single-opening highway crossings can be applied to multiple bridges with comparable results.
The backwater, h3 ,at section 3, ( fig. 9 ) computed by method I was less than that observed for 13 of the 17 bridge openings (tabie 4) and averaged 0.10 ft less than measured. Backwater, h., (fig-10 ) computed by method II was equal or greater than measured at 17 of the 28 bridge openings and averaged 0.02 ft more than the measured value. Backwater at section 3 is difficult to measure accurately because of the turbulent flow condition and the large spatial changes in water surface elevation. In general h., is a relatively small value being less than 0.3 ft at all sites.
SUMMARY AND CONCLUSION
Data were collected for nine flood events to supplement laboratory studies of backwater at multiple bridge systems. These data consisted of measured discharge and water surface profiles through 28 bridge openings.
The multiple openings were divided i^nto equivalent single opening cases by apportioning the interior embankments in direct proportion to the area of the openings ori either side (Davidian and others,1962) . The discharge was computed using procedures described by Matthai (1967) and by Schneider and otihers (1976) . The best results were obtained by using the average flow path (Schneider and others, 1976) for approach friction losses in the method given by Mattahi (1967) . This gave computed discharges within 15 percent of the measured values for 17 of the 28 openings. The mean error for ail openings was 2 percent with a root mean square error of 18 percent.
Backwater was measured by comparing the computed natural profile with the water-surface elevations obtained from high water marks. Backwater was computed by method I (Tracy and Carter, 1955) in which the friction loss term in the approach reach was modified to account for the average flow path, and by method II (Schneider and others, 1976) . The bias and rms error for backwater at section 1 computed by method I are -0.25 ft and ^0.34 ft, respectively. Method I underestimates backwater for 14 of 17 sites. The bias and rms error for backwater at section 1 computed by method II are -0.03 ft and +0.39 ft, respectively, with results about evenly divided by the line of equal value. These results indicate that the method developed for single-opening highway crossings can be applied to the multiple-bridge opening.
